The Baiyinchang massive sulfide Cu deposit (Zheyaoshan and Huoyanshan mines) is hosted by an early Cambrian, submarine, felsic volcanic succession within an extrusive cryptodome associated with an overlying basaltic flow, in a Late Proterozoic-early Paleozoic submarine volcanic belt in the north Qilian orogen, northwestern China. The deposit is comprised of two mineralized zones: a 30-cm-thick, strata-bound Zn-rich sulfide lens associated with hematitic Fe-Mn cherts, and an underlying, discordant massive ore-dominated sulfide zone enveloped by a hydrothermal alteration pipe that is zoned from chlorite in the center to quartz-sericite at the margin. The discordant sulfide zone accounts for 90 percent of the Cu reserves of the Zheyaoshan mine. It consists of four main ore types: (1) pipelike pyrrhotite-pyrite ± chalcopyrite ore, (2) massive sulfide ore, (3) a disseminated ore halo, and (4) footwall stringer ore. The pyrrhotite-pyrite ± chalcopyrite pipe has an elliptical shape in plan and is 30 × 50 m across. The pipe partially replaces the overlying massive pyrite lens and extends downward at least 150 m, to be gradually replaced by chalcopyrite-rich stringer veins and chalcopyritebearing quartz veins surrounded by a discordant hydrothermal alteration envelope. Massive chalcopyrite-pyrite lenses discordant to volcanic bedding, containing relict patches of felsic volcanic host rocks, are commonly enveloped by a disseminated sulfide halo within a chloritized volcanic unit. These features suggest that Zheyaoshan is a pipe-style deposit that formed mainly by subsea-floor replacement of volcanic host rocks.
Introduction
MOST VOLCANIC-HOSTED massive sulfide (VHMS) deposits are comprised of massive sulfide lenses or sheets and an underlying discordant stringer zone, hosted by volcanic rocks (e.g., Franklin et al., 1981; Large et al., 2001; Gifkins et al., 2005) . Economically significant stringer zones and pyritechalcopyrite pipes are present only in some deposits, such as the Mount Lyell deposit in the Cambrian Mount Read Volcanics of western Tasmania (Cox, 1981) , the Ordovician Highway and Reward deposits in the Mount Windsor subprovince, Queensland (Doyle and Huston, 1999) , and the Devonian Mount Morgan deposit, Queensland (Taube, 1986; Ulrich et al., 2002) . Pipelike polymetallic sulfides are also present in the early Paleozoic Bawdwin deposit in northeastern Myanmar . The Baiyinchang Cu deposit in the Late Proterozoic-early Paleozoic submarine volcanic belt of northwestern China may be another example of a pipe-style VHMS deposit. Bian (1989) argued that it is a porphyry-type deposit, based on the lack of exhalative-sedimentary massive sulfides and the close relationship of the sulfide orebody with felsic porphyries in the district. The deposit was discovered in the 1950s and is being exploited from the Zheyaoshan and Huoyanshan mines (Song, 1955 (Song, , 1982 .
The Zheyaoshan mine, with current copper reserves of 0.89 Mt remaining after exploitation of 51 Mt of ore, produced ~0.6 Mt of Cu, whereas 15 Mt of ore was exploited from the Huoyanshan deposit to produce ~0.26 Mt of Cu (Baiyin Company, unpub. data) . The copper grade of the Baiyinchang deposits ranges from 0.4 to 4.6 percent, with an average of 1.17 percent Cu. Three significant observations in the district indicate that the Baiyinchang deposit is atypical in comparison to many other submarine hydrothermal systems.
1. The hydrothermal alteration pipe and the associated discordant sulfide zone dips steeply and extends 500 to 700 m downward into the host felsic volcanic rocks below the paleosea floor (Song, 1982; Peng et al., 1995) . This provides a unique opportunity to study the deep structure of the submarine hydrothermal system and the sulfide deposit.
2. The sulfide orebody, hosted in felsic volcanic rocks, is spatially associated with mineralized, shallow-level felsic porphyry bodies (Cheng, 1980; Song, 1982; Bian, 1989; Peng et al., 1995) and this provides an opportunity to evaluate the role of synvolcanic intrusions in the genesis of massive sulfides. (3) The stringer ores and the chalcopyrite-bearing quartz veins are well developed in the root of the discordant sulfide pipe, and preliminary fluid inclusion studies from this zone found high-temperature (>350°C), high-salinity hydrothermal fluids (Liu, 1982) . Herein we describe the geology and the deep structure of the Baiyinchang deposit, and discuss its genesis, based on detailed fluid inclusion and oxygen isotope studies.
Gansu Province (Fig. 1B) and the Qingshuigou-Bailiugou and Shitougou-Xiangzigou domes in Qinghai Province. Twentytwo VHMS deposits, including Baiyinchang and Xiaotieshan, cluster in the felsic volcanic rocks associated with three of the four domes, excluding the Heishishan dome.
The Late Cambrian to Early Ordovician volcanic belt (III 1 ) (Fig. 1A) is the second most important belt for VHMS deposits. Here, submarine volcanic rocks consist mainly of mafic volcanics with a range of Sm-Nd ages between 469 and 454 Ma (Xia et al., 1996 (Xia et al., , 1998 . The volcanic rocks are part of a back-arc type ophiolite suite (Xia et al., 1998 ) and host 23 deposits, including the Yindonggou, Jiugequan, and Cuogou deposits ( Fig. 1A ; Wu et al., 1994; Hou et al., 1999) . The Ordovician-age volcanic belt (III 3 ) developed along the northern margin of the middle Qilian continental block (Fig. 1A ) and is comprised of mafic and felsic volcanic rocks, with Sm-Nd ages from 427.5 to 444.9 Ma (Xia et al., 1998) . The volcanism in this belt is bimodal, and the mafic end member shows enrichments in K 2 O, Rb, Ba, and high field strength elements (Nb, Ta, P, and Ti) (Xia et al., 1998) , suggesting a postcollisional, crustal extensional setting. The volcanic rocks host nine deposits, including the Honggou and Jiaolongzhang Cu deposits (Wu et al., 1994; Hou et al., 1999) .
District Geology
The Baiyin volcanic dome occurs in a fault block bounded by north-northwest-, north-northeast-, and east-northeast-directed fault systems within the Late Proterozoic to Early Cambrian volcanic belt (III 2 ). This area hosts the four major VHMS deposits of the Bayin district (Fig. 1B) . The Cambrian to Ordovician volcanosedimentary sequences away from the Baiyin dome are strongly folded, whereas the volcanic district centered on the dome mainly underwent deformation by thrust (F 1 ) and strike-slip faulting. The elliptical dome is about 7 km long and 5.6 km wide and consists of a 700-m-thick pile of felsic volcanic rocks overlain by mafic volcanic rocks (Figs. 1B, 2) . Generally, the volcanosedimentary sequences in the volcanic dome have been metamorphosed to the lower greenschist facies. Xi'an Beijing FIG. 1. Simplified geologic map of the marine volcanic belts and volcanic-hosted massive sulfide deposits in the early Paleozoic North Qilian orogen, northwestern China (modified after Xiang and Dai, 1985; Xia et al., 1996; Hou et al., 1999) . A) Regional-scale tectonic elements and distribution of VHMS deposits in the North Qilian orogen. B) Geologic map and VHMS deposits of the Baiyin district. Q = Quaternary sedimentary rocks, I = Tarim-Sino-Korean platform, II = Hexi corridor transitional belt, III = Proterozoic-early Paleozoic marine volcanic belt in the North Qilian (III1: Late Cambrian-Early Ordovician northern volcanic belt; III2: Cambrian central volcanic belt; III3: Ordovician southern volcanic belt), IV = Middle Qilian continental block, DB = Baiyin volcanic dome, DH = Heishishan volcanic dome, 1 = Zheyaoshan mine, 2 = Huoyanshan mine, 3 = Xiaotieshan deposit, 4 = Tongchanggou deposit, 5 = Sigequan deposit.
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The four VHMS deposits, each with different metal associations, are (1) the Baiyinchang Cu deposit (Zheyaoshan and Huoyanshan mines), (2) the Xiaotieshan Zn-Pb-Cu deposit, (3) the Tongchanggou Cu-Zn, and (4) the Sigequan Zn-Pb-Cu deposits (Figs. 1, 2) . Although these VHMS deposits occur in different parts of the dome, they are all hosted by felsic volcaniclastic rocks (Figs. 2, 3) .
Regional mapping indicates that there are at least four hydrothermal alteration pipes of various sizes developed in these four deposits. These alteration pipes are zoned from chlorite in the core to quartz-sericite at the margins (Fig. 2) . The pipes have undergone regional deformation and faulting and are aligned along a west-northwest-striking trend, suggesting that a west-northwest-directed fault system may have controlled the location of the discharging conduits of the submarine hydrothermal system.
Volcanic Architecture and Host Rocks of the Baiyinchang Deposit

Volcanic architecture
At least three volcanic systems (centers) have been recognized by mapping of the volcanic facies in the Baiyin district within the Baiyin volcanic dome (Peng et al., 1995) . The Baiyinchang volcanic center was likely located on the northern side of the Zheyaoshan mine. An elliptical felsic breccia body, 250 m in diameter and 560 m deep, was developed near the volcanic center (Peng et al., 1995) , around which was deposited a gently dipping volcaniclastic sequence consisting of tuffaceous breccia, tuffaceous lava, and tuffaceous sedimentary rocks (Fig. 4) . The host volcanic sequence in the center of the volcanic dome is a mixture of intrusive and volcaniclastic rocks. The quartz-bearing rhyolitic rocks partly define an extrusive cryptodome, whereas the associated volcaniclastic rocks consist of quartz rhyolitic tuffaceous and breccia units. On the western side of the volcanic center, a sedimentary sequence consisting of phyllite (pyritic shale), limestone, and Fe-Mn cherts is developed in a volcanic depression (Fig. 4) . A small quartz-albite stock also intruded along a synvolcanic fault in the south and southwest.
Host rocks
The host-rock succession at the Zheyaoshan mine consists of a volcaniclastic-dominated felsic dome in which porphyritic volcanic and tuffaceous rocks of quartz rhyolite composition host most of the discordant massive sulfide orebodies. The felsic volcanic rocks are porphyritic in texture and characterized by the presence of fractured phenocrysts of albite and quartz. These fractured phenocrysts account for 30 to 70 vol percent of all the phenocrysts and occur in a groundmass of albite, quartz, and the secondary hydrothermal alteration minerals, sericite, quartz, and chlorite. The quartz rhyolitic tuffaceous unit is more than 200 m thick, and commonly contains fragments of quartz and albite crystals and lesser felsic rock fragments in a tuffaceous matrix consisting of a microcrystalline assemblage of chlorite, sericite, quartz, and albite.
A quartz-albite porphyry body, the last product of the felsic magmatism, intruded along faults surrounding the felsic volcanic center in the Baiyin district (Fig. 4) . These porphyries have subsequently been chloritized, silicified, and sericitized. At the Huoyanshan mine, the porphyry body is partly mineralized and forms the no. 194 orebody with porphyry clasts set in a matrix of chalcopyrite and pyrite (Cheng, 1980) .
Exhalite
Fe-Mn exhalite is common at Zheyaoshan, where it forms an ore-equivalent horizon near the sulfide orebodies. The exhalite also occurs as lenses in the western segment of the main orebody (Fig. 4) . In the southern wall of the Zheyaoshan pit, an exhalite lens is about 30 to 50 m thick and mound shaped. It overlies the strongly altered volcanic host rocks and is, in turn, conformably overlain by a ~50-m-thick sequence of black shale and limestone. The exhalite unit is >80 m thick and includes hematitic chert, Fe-Mn chert, and siliceous Mn-Fe nodules. The hematitic chert is red or redbrown and banded or crudely layered. It consists of quartz (75 vol %), hematite (19 vol %) and minor amounts of sericite and albite (Peng et al., 1995) . This exhalite is similar to the hematitic chert or jasper of some Kuroko-type deposits (Kalogeropoulos and Scott, 1983; Hou et al., 2001 ). The Fe-Mn chert is dark red and occurs as crudely layered or irregular lenses that commonly overlie the hematitic chert. The Fe-Mn chert is composed of quartz, hematite, and minor chlorite, albite, sericite, and calcite and has a much higher Mn content (up to 1.25 wt % MnO) than the Peng et al., 1995; Xia et al., 1998) . The highly generalized cross section A-A' is shown in Figure 6 . hematitic chert (Peng et al., 1995) . The siliceous Mn-Fe nodules are brown-gray in color and occur as elliptical bodies, 5 to 20 cm in length and 4 to 9 cm in width. These nodules commonly occur in the sequence of black pyritic shale and limestone. The Mn-Fe nodules are comprised of goethite and hematite (30 vol %), quartz (27 vol %), hydroxybraunite (21 vol %), and minor anhydrite and chlorite, and are characterized by high content of Mn (up to 16 wt % MnO) and Fe (up to 24 wt % Fe 2 O 3 ). Peng et al. (1995) indicated that these three types of exhalites have similar REE patterns and strong negative Eu anomalies, suggesting formation from low-temperature hydrothermal fluids (Peter, 2003) and a common exhalative origin similar to that of the exhalites of other VHMS belts (Franklin et al., 1981; Kalogeropoulos and Scott, 1983; Eastoe et al., 1987; Large, 1992; Leistel et al., 1998) .
GEOLOGY, FLUID INCLUSIONS, & OXYGEN ISOTOPES OF THE BAIYINCHANG VHMS DEPOSIT, GANSU
Mineralization
The Baiyinchang deposit is exploited from two mines, Zheyaoshan and Huoyanshan, that are located on opposite sides of the F 1 fault (Fig. 2) . The deposit is dominated by massive sulfide and disseminated orebodies with minor stockwork or stringer orebodies (Figs. 5, 6) . It belongs to the Cu or Cu-Zn type (Large, 1992) , and the massive sulfides are pyrite rich (Song, 1955 (Song, , 1982 Wu et al., 1994; Peng et al., 1995) . Two mineralized zones have been recognized, based on petrography of the host rocks, occurrence and shape of the sulfide orebodies, and type and structure of the sulfide ores. These main ore zones are comprised of strata-bound sulfides and exhalites that are interpreted to have been deposited on the ancient sea floor, and others are discordant massive sulfide ore hosted in a felsic volcanic rock. The Zheyaoshan deposit has the morphology of a strata-bound polymetallic massive sulfide lens and underlying discordant massive-stringer vein zone. However, the size of the strata-bound lens is smaller than that of the underlying discordant massive and stringer veins enveloped by the alteration pipe. Therefore, the deposit is interpreted to be a typical pipe-style deposit of Large (1992) , mainly consisting of massive, crosscutting pyrite-chalcopyrite orebodies. Wu et al., 1994) . The numbered lines are prospecting lines at Zheyaoshan. B. Variation of Cu contents in the sulfide orebodies at the 1,799-m level of the Zheyaoshan deposit (after Wu et al., 1994) . The disseminated ores predominate between prospecting lines 7 and 11, whereas the massive ores predominate between prospecting lines 2 and 7.
Strata-bound sulfide zone
The strata-bound sulfide zone is small in size but economically significant. This zone is commonly about 30 cm thick and consists of discrete, small sulfide lenses that conformably overlie the quartz-phyric rhyolitic tuffaceous rock. In the eastern part of the Zheyaoshan deposit, a banded Zn-rich lens about 50 m long and 30 cm thick overlies the quartz rhyolitic tuffaceous rock and is, in turn, overlain by a 1-m-thick hematitic chert, which in turn is overlain by a 5-to 10-m-thick tuffaceous slate and phyllite unit. The Zn-rich ores are massive, mainly banded or crudely layered (Fig. 7A ) and exhibit laminated and bedded sedimentary structures with associated colloform textures (Wu et al., 1994; Peng et al., 1995) . In the western part of the Zheyaoshan deposit, a smaller Zn-rich lens (now mined out) was closely associated with the hematitic chert and Fe-Mn chert (Song, 1982; Peng et al., 1995) . At Huoyanshan, similar strata-bound lenses have not been observed (Peng et al., 1995) .
Massive sulfide zone
This sulfide zone accounts for 90 percent of the total Cu reserves in the Baiyinchang deposit. Massive sulfide orebodies and associated hydrothermal alteration zones at Zheyaoshan are discordant to local bedding and are partly enclosed by a succession of felsic tuffaceous rock and extrusive facies of a cryptodome. The zone is about 600 m long and 50 m wide and consists of a series of steeply dipping sulfide lenses (Figs. 5, 6) . The ore can be divided into four principal types based on mineralogy, texture, and the relationship to the host rocks: (1) massive pyrrhotite-pyrite pipe, (2) massive sulfide lens, (3) disseminated ore halo, and (4) footwall stringer zone.
Massive pyrrhotite-pyrite pipe: The pyrrhotite-pyrite pipe dips steeply to the southwest and consists of a body of massive pyrite, pyrrhotite, and chalcopyrite (Cheng, 1980; Yan, 1983; Peng et al., 1995) . The pipe is elliptical, 30 × 50 m in plan (Figs. 4, 5) , and occurs predominantly beneath the main, massive no. 1 orebody. The pipe extends 150 m downward into the hydrothermally altered footwall rocks. The contact between the pipe-shaped body and the massive orebody is abrupt, and there is no evidence to suggest that this pipe-shaped body is related to structural deformation in the district.
The massive pyrrhotite-pyrite pipe has a relatively simple mineralogy of pyrite, pyrrhotite, and chalcopyrite, with minor sphalerite, galena, and magnetite. The pipe shows distinct, concentric ore zoning in plan view. The marginal zone is composed of 5 to 10 m of porous, honeycomb-textured pyrite; the middle zone consists of massive pyrrhotite and pyrite, and the inner zone consists of dense stringer veinlets of chalcopyrite. The pyrrhotite-pyrite sulfides also form steeply dipping or vertical, pillar-shaped ore lenses (e.g., the tabular no. 41 orebody), located on the northern side of the no. 1 main massive orebody at Zheyaoshan (Peng et al., 1995) . The upper part of the pillar-shaped ore lens is in direct contact with the overlying no. 1 main massive orebody. Its base splits into several smaller pillars and extends steeply, 500 m stratigraphically downward, into the footwall rocks. The ore pillars display no mineral zoning but have a mineral assemblage similar to the pyrrhotite-pyrite pipe. Similar ore pillars also occur at Huoyanshan, where they directly underlie the massive pyrite lens, and give way downward to a stringer (vein) zone (Cheng, 1980; Peng et al., 1995) .
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Massive sulfide lenses: Massive sulfide lenses dominate in the discordant sulfide zone hosted by the felsic volcanic facies. The larger massive lenses are 350 to 600 m long and extend downdip 450 to 600 m, whereas the smaller ones are 100 to 250 m long and extend downdip 50 to 200 m (Fig. 6 ). Mapping of the volcanic facies indicates that these massive lenses are discordant to the bedding of the quartz tuffaceous rock at an oblique angle up to 70° (Cheng, 1980) .
Inclusions of wall rocks are generally absent within the massive sulfide lenses. However, relict fragments of chloritized felsic host rocks are commonly observed along the margins of the lenses (Fig. 7B) . They are generally discontinuous along strike and irregular in shape. These relict patches of chloritized rocks with disseminated sulfides commonly comprise 20 to 30 vol percent of the ore within a 5-to 20-m-wide zone at the margin of the massive sulfide lenses. Toward the margins of the massive sulfide lens, an interfingered boundary between the wall rock and the massive sulfides can be observed locally (Fig. 7B) .
These massive sulfide lenses do not show typical sedimentary textures, such as lamination, banding, bedding, crossbedding, or graded bedding, but chemical-mineralogical zoning has been observed. Three ore types can be described, based on mineralogy and composition of the massive ores: (1) massive pyrite ± chalcopyrite ore ( Fig. 7C ), (2) massive sphalerite-rich pyrite ore (Fig. 7D) , and (3) massive chalcopyriterich pyrite ores (Fig. 7E ). Massive pyrite ore is fine grained and occurs in the uppermost part of massive sulfide lenses; massive sphalerite-rich pyrite ore is located stratigraphically below the massive pyrite ore and is characterized by a 10 to 20 vol percent sphalerite. Massive chalcopyrite-rich pyrite ore occurs predominantly in the stratigraphically lower part of the massive sulfide lenses and is characterized by a high Cu grade (>1.0 %). The massive chalcopyrite-rich pyrite ore is replaced by a chalcopyrite-rich stringer zone ( Fig. 7F ) stratigraphically beneath it (Fig. 6 ). Massive sulfide lenses grade laterally outward to disseminated sulfide ores (Fig. 5A) .
Footwall stringer ore zone: This zone occurs stratigraphically below the massive sulfide lenses and the massive pyrite pipe, and consists of chalcopyrite-rich stringer veins and chalcopyrite-bearing quartz vein swarms (Fig. 7F) . The contact between the stringer veins and the overlying massive lens and/or pipe is sharp. Although the main contact is located approximately at the 1,550-m level (Fig. 6 ), chalcopyrite-quartz veins crosscutting the massive Cu-rich pyrite lenses have been observed at the 1,573-m level. Chalcopyrite-rich stringer veins commonly occur in the center of the stringer zone, and the veins vary in width from 0.2 to 10 cm, with vein spacing ranging between 10 and 30 cm. Chalcopyrite-bearing quartz vein swarms replaced the chalcopyrite-rich stringer veins downward into the altered footwall volcanic rocks. With depth, in the quartz vein swarms, chalcopyrite content dramatically decreases and quartz veins of variable width become dominant (Fig. 7F) .
Disseminated ore halo: A disseminated ore halo envelopes the massive pyrite body laterally and vertically. It is 600 to 800 m long in an east-west direction and 30 to 50 m wide in a north-south direction . In general, the intensely disseminated ore halo is mainly developed in the western part of the Zheyaoshan deposit, whereas a narrow disseminated ore halo occurs in the eastern part (Figs. 4, 5) .
Mineralogical zoning
Lateral mineral zoning is characterized by a core of Cu-rich massive sulfides surrounded by a halo of Cu-poor disseminated ore (Fig. 5 ). In the western part of the Zheyaoshan mine (lines 7-11, Fig. 5B ), there are at least two Cu-rich centers, where intensely disseminated and semimassive Cu-rich sulfides were developed. In the eastern part (Lines 2-7, Fig.  5B ), there is an east-west-trending Cu-rich zone, corresponding to a large, massive orebody and associated pyritepyrrhotite pipe.
Vertical mineral zoning is characterized by a stratigraphic downward change from a strata-bound Zn-rich zone through a massive sulfide zone into a stringer zone. This progression comprises fine-grained massive pyrite at the top, through massive sphalerite-pyrite, massive chalcopyrite-pyrite, and chalcopyrite-rich stringer and chalcopyrite-bearing quartz vein swarms (Fig. 6 ). Corresponding chemical zoning varies from a Zn-Pb-rich zone at the top to a Cu-rich zone stratigraphically downward.
Fluid Inclusion Studies
Fluid inclusions in quartz from altered host rocks, mineralized stocks, and sulfide ores have been investigated by Liu (1982) , Xia et al. (1985) , and Peng et al. (1995) . However, owing to lack of description of the sample locations and relationships to different sulfide ore types, their data are not sufficient to establish the evolution of a submarine hydrothermal system at Baiyinchang. In this study, a detailed investigation of fluid inclusions in quartz from the stringer ore, massive sulfide ore, altered host volcanic rocks, and associated quartz-albite porphyry were conducted on over 50 doubly polished sections. From these, 25 sections were chosen for microthermometric measurements. The microthermometric data were collected using Chaixmeca and Linkam heating-freezing stages, with a measured temperature range from -180°to +600°C. Accuracy of the measurements was ensured by calibration against the triple point of CO 2 (-56.6°C) and the freezing point (0.0°C) of pure water. The precision of the measurements is reproducible to within 0.1°C for freezing and 1°C for heating. Tests for the presence of volatile species (CO 2 , N 2 ) and hydrocarbons (CH 4 , C 2 H 4 , C 2 H 6 ) were made on 20 fluid inclusions at the Institute of Mineral Resources, Beijing, using a Microdil 28 laser Raman microprobe.
Petrography of fluid inclusions
Classification of inclusions as primary, pseudosecondary, and secondary was made according to the criteria given by Roedder (1984) . The secondary fluid inclusions are generally very small (<3 µm) and commonly occur along healed microfractures crosscutting mineral grain boundaries. Primary inclusions mainly occur as scattered and isolated inclusions in quartz and have regular forms, such as negative crystal and polygonal shapes. The primary inclusions also occur as clusters that are commonly parallel to the hexagonal morphology of the host quartz crystals. The primary fluid inclusions from Zheyaoshan can be divided into four compositional types (Tables 1, 2), based on the number of phases at room temperature and estimates of fluid compositions based on the observed phase transitions during freezing-heating runs.
Type I two-phase aqueous inclusions: Type I inclusions occur in quartz from all ore types and in hydrothermally altered host rocks (Table 1) . Irregular, negative-crystal or elongated shapes are common, and two visible phases, liquid and vapor, are present. These inclusions range in size from 5 to 25 µm and have a vapor volume varying from 10 to 85 percent. At least three subtypes of fluid inclusions can be distinguished from the degree of filling and the geometry of fluid inclusions: (Ia) liquid-rich, with a vapor volume of 5 to 20 percent ( Fig. 8A ), (Ib) liquid-vapor, with a vapor volume of 25 to 55 percent, and (Ic) vapor-rich, with a vapor volume of 60 to 90 percent (Fig. 8B) . Generally, type Ia inclusions occur throughout both the massive and stringer ores, whereas types Ib and Ic inclusions are mainly restricted to the stringer ores. Laser Raman spectroscopic analyses indicate that liquid phases of the type I inclusions are almost solely H 2 O, and the vapor phases are dominated by H 2 O with minor amounts of CH 4 (Fig. 9A, B) .
Type II daughter mineral-bearing multiphase inclusions: These inclusions were previously observed by other workers in the discordant stringer zone and in the altered volcanic rocks of the Baiyinchang district (Liu, 1982; Xia et al., 1985) . The inclusions consist of one or more solid daughter minerals, an aqueous phase, and a vapor bubble. They have an irregular to negative crystal form and are commonly 4 to 14 µm in diameter. In the stringer zone, most of these inclusions are isolated, and some occur as clusters in the interior of the quartz crystal. In the quartz from the altered host rhyolitic tuffaceous rock, these type II inclusions commonly occur along healed fissures of the quartz phenocrysts. The morphology and optical properties of the solids in the inclusions indicate that halite cubes are the most abundant daughter minerals. Other daughter crystals include a KCl mineral (Liu, 1982) and an unidentified opaque mineral, which does not dissolve even at temperatures above 400°C.
Type III CO 2 -rich inclusions: These inclusions contain one to three phases at room temperature and can be further divided into monophase CO 2 (IIIa; Fig. 8C ), liquid CO 2 -vapor Table 2 ). These inclusions occur mainly in the stringer zone and altered host rocks and have not been observed in the massive ore zone. Type III inclusions occur in quartz as clusters or isolated inclusions and show subhedral to euhedral or negative crystal shapes. They are generally between 5 and 20 µm in diameter, although much larger inclusions (up to 50 µm across) are observed in a few chalcopyrite-quartz vein samples. Type IIIa inclusions consist of a single CO2-rich fluid at room temperature, whereas type IIIb inclusions have a wide range of vapor CO2/liquid CO2 ratios, varying from 10 to 45 vol percent (Table 2) . Type IIIc inclusions contain a carbonic-and an H2O-rich phase at room temperature. Visual estimates of the volumetric proportions of the carbonic and aqueous phases in these inclusions vary widely, from 10 to 90 percent (Table 2) . Laser Raman spectroscopic analyses of type III inclusions indicate that CO2-rich inclusions contain various amounts of hydrocarbon (i.e., CH4) ( Fig. 9C-E) . Type IV CH4 -rich inclusions: Laser Raman spectroscopic analyses show that type IV inclusions are dominated by CH4, Data after Liu et al. (1982) and Xia et al. (1985) . with minor amounts of other volatile species (Fig. 9F) . The CH 4 -rich inclusions occur widely in quartz from both the discordant massive ores and the chalcopyrite-pyrite stringer zones (Table 2) . They are approximately 5 to 36 µm in diameter and have subhedral to euhedral or negative crystal shapes (Fig. 8F ). These inclusions are present in isolation or as clusters and commonly coexist with CO 2 -rich inclusions in individual quartz grains. The coexistence of CH 4 -rich inclusions with vapor-rich two-phase inclusions (type Ic) has also been observed in chalcopyrite-pyrite-quartz veins.
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Microthermometric results
Type I liquid-vapor two-phase aqueous inclusions:
Eutectic temperatures were determined for some larger inclusions (about 20-µm diam) and found to vary from -32°to -21°C, indicating that some NaCl, KCl, FeCl 2 , and CaCl 2 may be present as dissolved salts (Crawford, 1981; Vanko et al., 2004) . Final-melting temperatures of ice range from -26.0°to -1.0°C, corresponding to salinities of 2.6 to 23.0 wt percent NaCl equiv, respectively (Table 1; Potter et al., 1978; Bodnar, 1993) . Type Ia fluid inclusions in the discordant massive sulfide zone yield a salinity range of 6.2 to 23.0 wt percent NaCl equiv (Fig. 10A) and a homogenization temperature range of 62°and 225°C (Fig. 11A) .
Variable salinities from 3.1 to 19.8 wt percent NaCl equiv were recorded for type Ia inclusions in the stringer zone (Fig.  10B) , and these type Ia inclusions also have a wide range of homogenization temperatures from 90°to 405°C (Fig. 11B) . Type Ib inclusions in the stringer zone have a salinity range of 5.5 to 10.5 wt percent NaCl equiv and homogenization temperatures of 235°to 415°C (Figs. 10B, 11B ). The vapor-rich type Ic inclusions are restricted to the stringer zone and have a moderate salinity (11.9-16.1 wt % NaCl equiv) and the highest homogenization temperatures, from 378°to 485°C (Figs. 10B, 11B ; Table 1 ).
Type Ia inclusions in the chlorite-altered volcanic host rock yield salinities of 4.2 to 20.8 wt percent NaCl equiv (Fig. 10C) and a homogenization temperature range of 75°to 175°C (Fig. 11C) . In comparison, type Ia inclusions in the outer quartz-sericite-altered host volcanics and porphyry stock have a lower salinity range of 2 to 8 wt percent NaCl equiv and a homogenization temperature range of 125°to 250°C (Figs. 10C, 11C) .
Type II daughter mineral-bearing multiphase inclusions: These inclusions commonly occur in quartz from the stringer zone and in quartz phenocrysts in the host rocks. Homogenization of these inclusions to liquid generally occurs in the range of 280°to 430°C (Liu, 1982) . Heating runs on these inclusions indicate dissolution temperatures between 300°and 400°C for the halite cubes and 55°to 100°C for KCl (Liu, 1982) , based on the dissolution temperatures of the daughter solids using the H 2 O-NaCl-KCl system (Roedder, 1971; Hall et al., 1988) . The salinity of the inclusions is therefore estimated to range from 31 to 38 wt percent NaCl equiv, and salinities are similar for inclusions in both the stringer zone and the hydrothermally altered host volcanic rocks (Fig. 10B,  C) . A similar homogenization temperature range of 350°to 400°C was also recorded for type II inclusions in the stringer zone and the hydrothermally altered volcanic rock (Fig. 11B,  C) .
Type III CO 2 -rich inclusions: Monophase CO 2 -rich inclusions occur in quartz from the stringer zone and associated altered host rocks. Inclusions show complete solid-CO 2 melting (T m, carbonic ) between -60.6°and -57.6°C, which is lower than the CO 2 triple point (-56.6°C). The homogenization temperature of CO 2 (T h, carbonic ) varies from 2.5°to 29.0°C (Fig. 12A) , which is lower than the critical temperature of pure CO 2 (31°C). Both T m, carbonic and T h, carbonic indicate the probable presence of minor amounts of additional gas species, such as CH 4 and/or N 2 (Burruss, 1981) , as confirmed by laser Raman Fig. 12A ). Clathrate-melting (T m, clathrate ) in these inclusions occurred at -5.6°to +8.4°C (Table 2) , implying a salinity of 2.3 to 8.1 wt percent NaCl equiv, using the equation of Diamond (1992) and the method of Collins (1979) . Complete homogenization (T h, total ) of type III inclusions either to liquid or to vapor occurred between 226°and 348°C (Table 2) . Type IV CH 4 -rich inclusions: These inclusions nucleated a vapor bubble upon cooling below -100°C. No solid CO 2 or CO 2 clathrate was formed before all phases froze to form a solid at approx. -182.3°C. These inclusions homogenized to liquid, and partially homogenized (T h, carbonic ) to liquid between -109.2 and -100.0°C for the massive ores, and between 282 ZENGQIAN ET AL.
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0361-0128/98/000/000-00 $6.00 282 FIG. 9. Laser Raman spectra for types I, III and IV inclusions in quartz from the discordant stringer and massive ore zones at Zheyaoshan. A and B. Liquid and vapor phases of type I inclusions (see Fig. 9B ; quartz, BZ-09), respectively. C and D. Liquid and vapor phases of type III inclusions (see Fig. 9D ; quartz, BZ-05), respectively. E. Type III monophase CO2 inclusion (see Fig. 9C ; quartz, BZ-05). F. type IV CH4-rich inclusion (see Fig. 9F ; quartz, BZ-13).
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-97.3 and -83.0°C for the stringer zone (Table 2 ; Fig. 12B ). Compared with the critical point temperature of CH4 (-82.6°C) and the triple point temperature of pure H2S (-85.6°C), the slightly lower Th, carbonic values for the type IV inclusions indicate that the fluid is dominated by CH4 (Burruss, 1981; Ramboz et al., 1985; Fan et al., 2000; Jia et al., 2000) but may also contain minor amounts of other gas species (e.g., H2S).
Oxygen Isotope Data Samples analyzed for oxygen isotopes were collected from the discordant massive and stringer zones and the altered felsic host rocks, as well. Whole-rock samples were prepared by pulverizing, and quartz separates were obtained by handpicking and separation using heavy liquids. The δ 18 O analyses were performed at the Institute of Mineral Resources, Chinese Academy of Geological Science (Beijing), using the conventional method developed by Clayton and Mayeda (1963) . The δ 18 O data are reported relative to the V-SMOW standard (Table 3) with an analytical precision of ±0.2 per mil (2σ).
δ 18 O in quartz from sulfide ores
Eleven samples of quartz separates from the Zheyaoshan deposit were analyzed. These samples yielded a limited range of δ 18 O values (8.8-11.1‰; Table 3), which is similar to previous analytical results (9.6-10.4‰; Peng et al., 1995) , except for one sample with a higher δ 18 O value. This range of δ 18 O values is slightly higher than that of quartz from the stringer zones of some Japanese Kuroko deposits (avg +9.1‰: Pisutha-Arnond and Ohmoto, 1983; Huston, 1999) Liu (1982) and Xia et al. (1985) . Liu (1982) and Xia et al. (1985) .
but much
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lower than that of quartz from the Triassic Gacun Kurokotype deposit (13.7-16.4‰: Hou et al., 2001) . Peng et al. (1995) reported a high δ 18 O value of 14.5 per mil for one sample of quartz from the massive ore at Zheyaoshan; however, not enough information was provided for us to evaluate this high δ 18 O value.
According to oxygen isotope exchange coefficients between quartz and water (Matsuhisa et al., 1979) , and from homogenization temperatures of fluid inclusions (types Ia and Ib) in quartz of 160°to 278°C (Table 1) , the hydrothermal fluids that precipitated quartz had a range of δ 18 O values from -0.16 to +3.91 per mil for the massive ores and from -5.27 to +3.10 per mil for the stringer zone ( (Table 3) . Felsic rocks in the marginal zone of the altered pipe have a limited δ 18 O range from 9.3 to 10.5 per mil, close to that of the least-altered volcanic rocks and quartz-albite porphyry (9.4-10.2‰: Xia et al., 1991) , suggesting that no significant isotopic exchange of oxygen took place in these rocks during the district-scale low-T alteration (<200°C). The strongly altered felsic rocks yield a much wider range of δ 18 O values, from 1.6 per mil in the chlorite core to 8.7 per mil in the outer sericite + chlorite zone. Such a lateral variation in δ 18 O values is similar to that described in many VHMS deposits (Hattori and Muehlenbachs, 1980; Costa et al., 1983; Green et al., 1983; Urabe et al., 1983; Barrett and MacLean, 1991; Hoy, 1993; Huston, 1999) . The δ 18 O values decrease markedly toward the altered core, coincident with a feeder zone hydrothermal fluid having a much lower δ 18 O value (e.g., ~0‰). Assuming that the analyzed quartz precipitated from a hot (300°-430°C) hydrothermal fluid, as suggested by the fluid inclusion data, the δ 18 O values of the hydrothermal fluid in equilibrium with quartz having δ 18 O values from 9.0 to 11.1 per mil (Table 3) would have a range of δ 18 O of 2.0 to 8.0 per mil.
Discussion
A seawater origin for mineralizing fluids is widely accepted for the formation of most VHMS deposits. For most ancient VHMS deposits, available fluid inclusion data indicate low salinities (3.0-10 wt % NaCl equiv), close to that of seawater (3.2 wt % NaCl equiv: Bischoff and Rosenbauer, 1985) , and a wide temperature range (100°-350°C). However, high-salinity fluid inclusions have also been observed in some ancient and modern VHMS deposits (Khin Zaw et al., 1996 , 2003 Lecuyer et al., 1999; Hou et al., 2001; Solomon et al., 2004a, b; Vanko et al., 2004) , indicating that some fluids were considerably more dense than seawater, with the capacity to form a brine pool under the right sea-floor topographic conditions (Pottorf and Barnes, 1983; Solomon and Khin Zaw, 1997; Hou et al., 2001; Solomon et al., 2004a, b) . Some authors have suggested that these high-salinity fluid inclusions record magmatic fluid input into the submarine hydrothermal system (e.g., Urabe et al., 1995; Yang and Scott, 1996, 2002; Hou et al., 2001 Hou et al., , 2005 , whereas others argue that alternative mechanisms (e.g., two-phase separation of seawater) can result in a dense saline fluid coexisting with low-density vapor (Kelley and Delaney, 1987; Nehlig, 1991; Lecuyer et al., 1999; Vanko et al., 2004) . Fluid inclusions in quartz from the discordant sulfide zones and hydrothermally altered host rocks at Zheyaoshan show a wide variety of inclusion types, ranging from apparently pure CO 2 and CH 4 to H 2 O-CO 2 -NaCl and H 2 O-NaCl fluids. Most fluid inclusions that occur widely in quartz from the stringer zone and from the altered host rocks (quartz-sericite zone) have a low T h (116°-205°C) and low salinity (2.2-5.6 wt % NaCl equiv: Table 1 and Figs. 10, 11 ). The similarity of these salinities to that of normal seawater (3.2 wt % NaCl equiv) suggests a large input of seawater into the Zheyaoshan submarine hydrothermal system. This suggestion is supported by oxygen isotope data for the hydrothermally altered host rocks and Cu-bearing quartz veins (i.e., calculated δ 18 OH 2 O values 0‰: Table 3 ). In addition to the low-temperature and lowsalinity fluids, three groups of high-salinity fluids have been recognized: (1) a high-temperature, high-salinity fluid, (2) a high-temperature, vapor-rich fluid of moderate salinity, and (3) a low-temperature brine.
The high-temperature, high-salinity fluids were found mainly in the chalcopyrite-rich stringer zone and in the hydrothermal quartz from the host rocks (Table 1 ; type II daughter mineral-bearing multiphase inclusions and type I twophase aqueous inclusions). These high-salinity fluids are interpreted to reflect the contribution of magmatic fluid to the submarine hydrothermal system at Zheyaoshan (see below).
High-temperature, vapor-rich, moderate salinity fluids occur only in gangue quartz in the stringer zone. This fluid is represented by type Ic inclusions, which homogenize to vapor and mainly coexist with CO 2 -rich fluid inclusions in the stringer zone, suggesting that the fluid was trapped as a vapor. Similar gas-rich, high-temperature fluid inclusions also have been observed in the Gacun VHMS deposit, southwestern China (Hou et al., 2001) . Researchers concluded that this trapped fluid was magmatic fluid (gas) escaping from the felsic magma chamber.
A low-temperature brine, represented by type Ia inclusions, is found in the discordant massive sulfide ores of the no. 1 orebody and in strongly altered rock of the chlorite core surrounding the sulfide orebodies. From the center to the margin of the main no. 1 orebody in the discordant massive sulfide zone, the salinities vary from a range of 14 to 23 to a range of 6 to 10 wt percent NaCl equiv. Similarly, surrounding the sulfide orebody, the salinity of the brine decreases markedly from 16.6 to 20.8 wt percent NaCl equiv in porous, strongly chloritized volcanic breccia to 2.2 to 7.5 wt percent NaCl equiv in weakly chloritized and sericitized tuffaceous rocks (Table 1 ). This zonation suggests that mixing between a high-salinity (magmatic) fluid and low-salinity seawater occurred within and around the discordant massive sulfide pipe.
Low-temperature brine inclusions were trapped coevally with CH 4-rich inclusions in the same massive sulfide samples, suggesting that the brine was a CH4-rich, H 2 O-NaCl fluid. CH 4 -rich inclusions are not uncommon in modern and ancient VHMS deposits (e.g., Simoneit, 1988; Paull et al., 1997; Hou and Zhang, 1998; Hou et al., 2005) . The presence of CH 4 is attributed either to a localized reaction between the
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0361-0128/98/000/000-00 $6.00 285 Peng et al. (1995) ; No. 1 = no. 1 orebody, L5-6 (3-4) = prospecting lines 5-6 (3-4), 1425m = elevation level, Cp = chalcopyrite, qtz = quartz; average temperature is from homogenization temperature of fluid inclusions; δ 18 OH2O is a calculated value for hydrothermal fluids that are assumed to be in equilibrium with gangue quartz (‰) hydrothermal fluids and graphitic, carbonaceous wall rocks or serpentinization reactions (Bottrell et al., 1988; Sakai et al., 1990; Shepherd et al., 1991) .
Possible sources of the high-salinity fluids
The absence of evaporites in the Baiyinchang district rules out the possibility that the high-salinity fluids were derived from leaching of evaporite deposits by circulating seawater. Two-phase separation of seawater under certain pressure and temperature conditions also is considered unlikely because low-T h, low-salinity, vapor-rich fluid inclusions coexisting with low-T h saline inclusions have not been observed at Zheyaoshan (Table 1) , although both saline, high-temperature (>300°C) fluid and vapor-rich fluid inclusions occur together in gangue quartz from the discordant sulfide zone. We favor the input of magmatic fluids to the Zheyaoshan hydrothermal system to explain the presence of high-salinity inclusion fluids. This suggestion is supported by the following three lines of evidence.
1. High-temperature and high-salinity type II inclusions are present not only in gangue quartz from the stringer ores, but also in quartz phenocrysts and fragmental quartz from the quartz rhyolites that host the mineralization. Liu (1982) reported that the T h of such fluid inclusions in both phenocryst and gangue quartz varies from 300°to 400°C, and salinities range between 31 and 38 wt percent NaCl equiv. (Fig. 13A) . Xia et al. (1985) also observed similar inclusions in phenocrystic quartz from the least-altered rhyolites, and reported similar T h and salinity ranges varying from 300°to 430°C, and 31 to 38 wt. percent NaCl equiv, respectively. These observations suggest that the felsic magma could have produced high-temperature saline fluids in the late stages of magmatic differentiation.
2. As a group, high-temperature and high-salinity type Ia inclusions mostly coexist in the discordant sulfide zone with the high-temperature, vapor-rich inclusions (types Ib and Ic) and with CO 2 -rich fluid inclusions of type IIIc. These vaporrich aqueous inclusions have a wide range of the homogenization temperatures (350°-485°C) that reach higher temperatures than in many ancient and modern submarine hydrothermal systems (cf. Pisutha-Arnond and Ohmoto, 1983; Campbell et al., 1988; Hou et al., 2005) . Type Ic inclusions (L/V = 60-90) coexist with CO 2 -rich fluid inclusions in individual quartz grains and homogenize to vapor at >350°C. A significant feature of these vapor-rich inclusions is that their large decrease in T h is not correlated with a change in salinity (11.9-16.1 wt % NaCl equiv). This suggests that this fluid is probably a trapped magmatic vapor which was introduced into the submarine hydrothermal system at Zheyaoshan. The CO 2 -rich inclusions also have high homogenization temperatures (to vapor; up to 348°C: Table 2 ). Laser Raman spectra data for CO 2 -rich fluid inclusions in both phenocryst and gangue quartz reveal mixtures of CO 2 , H 2 O, CH 4 , and H 2 S. CO 2 concentrations vary from 35 to 83 mol percent in the vapor and 17 to 95 mol percent in the liquid, whereas H 2 O concentrations vary from 8 to 22 mol percent in the vapor and 3 to 68 mol percent in the liquid (Peng et al., 1995) . Yang and Scott (1996, 2002) demonstrated that the metal-rich magmatic fluid component in submarine hydrothermal systems they studied is dominated by CO 2 and a lesser amount of H2O. This is consistent with the suggestion that enrichment of CO2 in the H2O-CO2-NaCl fluid system is characteristic of fluids derived from the last-stage felsic magmatic differentiation (Sakai et al., 1990; Yang and Scott, 1996, 2002; Hou and Zhang, 1998; Hou et al., 2005) .
3. Oxygen isotope data for quartz from both the stringer zone and the hydrothermally altered host volcanic rocks indicate a contribution of magmatic fluid in the Zheyaoshan submarine hydrothermal system. The δ 18 O values of the hydrothermal fluid in equilibrium with this quartz range from 2.0 to 8.0 per mil, which is intermediate between magmatic water and seawater. and salinity data of the fluid inclusions (Table 1; Figs. 10, 11) and by the systematic variation of salinity versus T h (Fig.  13B) . Two mixing arrays for these fluid inclusions have been recognized (paths 1 and 2). Path 1 represents a typical mixing trend between cold seawater and a hydrothermal brine derived from a magma (Hou et al., 2001) . The high-temperature and high-salinity inclusions in path 1 are mainly trapped in the underlying discordant stringer zone stratigraphically below the largest massive orebody (no. 1). The low-temperature saline fluid inclusions in path 1 mainly occur in the massive ore pipe zone, suggesting that mixing of the magmatic fluid with seawater continued vertically upward from the stringer zone through the discordant sulfide zone toward the sea floor. Low salinities (<10 NaCl wt % equiv) of fluid inclusions in massive ore samples collected from the margins of the no. 1 main massive orebody suggest the input of a large amount of seawater into the hydrothermal brine occurred at the margin of the pipe. The chlorite core of the alteration pipe was formed by water-rock interaction under high (water/rock) ratios and moderate to low temperatures (Fig. 13A) , perhaps due to prolonged interaction between the magmatic brine and entrained seawater drawn down from above.
Fluid inclusions in all other discordant stringer zone and semimassive ores lie along path 2 (Fig. 13B) . Although there is a continuous variation in T h for these fluid inclusions, there are two distinct groups. A high-T h group is characterized by temperatures >300°C and moderate salinities (10-16 wt % NaCl equiv), whereas the low-T h fluid group is characterized by temperatures <250°C and low salinities (1.6-10 wt % NaCl equiv). The bimodal distribution of T h values for these fluid inclusions is recorded within individual quartz grains in the discordant stringer zone, suggesting upward movement of magmatic vapor into the circulating heated seawater. We suggest that this modified seawater was heated up to 250°C by the shallow-level emplacement of felsic magmas.
Fluid immiscibility
Unmixing of C-O-H fluid at Zheyaoshan could explain coevally trapped CO 2 -and H 2 O-dominated fluid inclusions. Immiscibility is further suggested by certain criteria of unmixed H 2 O-CO 2 -NaCl fluids (Ramboz et al., 1982) , including the close spatial association of type I and III fluid inclusions in three-dimensional arrays with various proportions of carbonic and aqueous phases, variable T h (total) , and diverse X CO 2 in type III inclusions in the stringer zone ( Table 2 ). The wide variation of CO 2 /H 2 O ratios in type III inclusions from the stringer zone suggests intermittent vapor-liquid immiscibility during the formation of the stringer zone. Complete homogenization to either a CO 2 gas or H 2 O liquid phase occurs at temperatures up to 348°C, suggesting that immiscibility took place in the early stage of fluid evolution. Higher CO 2 contents in the early-stage fluid suggest that the CO 2 was derived from magmatic degassing, and unmixing would have occurred as a result of changes in pressure, temperature, and salinity (Jia et al., 2000) . It is inferred that H 2 O-rich (type I) and CO 2 -rich (type III) inclusions represent a spectrum of coeval fluid inclusions that were trapped simultaneously in different parts of the quartz growing in the unmixed H 2 O-CO 2 -NaCl hydrothermal system. Unmixing can be caused by phase separation, fluid-carbonate reaction (Shepherd et al., 1991) , hydraulic fracturing (Kerrich and Allison, 1978; Robert and Brown, 1986; McCuaig and Kerrich, 1998) and pressure fluctuation (Khin Zaw et al., 1994; Jia et al., 2000) . At Zheyaoshan, the evidence for immiscibility is restricted to the stringer zone and hydrothermally altered rocks. Although immiscibility would have resulted in precipitation of sulfides in the stringer zone, there is no evidence for fluid immiscibility in the discordant massive orebody.
Subsea-floor replacement
Recent studies of VHMS deposits indicate that syngenetic subsea-floor replacement processes generate a proportion of massive sulfide ores in many deposits (e.g., Goodfellow and Blaise, 1988; Khin Zaw and Large, 1992; Large, 1992; Goodfellow and Franklin, 1993; Galley et al., 1995; Marani et al., 1997; Doyle and Huston, 1999) . Several criteria proposed to distinguish subsea-floor replacement (Doyle and Allen, 2003) , include (1) relics of the host rock within the sulfide deposit, (2) replacement fronts between the sulfide and host unit, (3) discordance between sulfides and the bedding of enclosing host rocks, and (4) strong hanging-wall alteration.
The Baiyinchang VHMS deposit is hosted by a rhyolitic tuffaceous unit and a cryptodome facies associated with autoclastic breccias. Similar deposits interpreted to have formed by subsea-floor replacement, include the Maurliden deposit, Sweden (Montelius et al., 2000) , Highway-Reward (Large, 1992; Doyle and Huston, 1999) , Mount Morgan deposit (Taube, 1986; Ulrich et al., 2002) , and parts of the Sulfur Spring deposit, Australia (Morant, 1995) . The Baiyinchang deposit also includes strata-bound Pb-Zn-rich lenses precipitated on the paleosea floor, but these lenses are small and economically insignificant. The main orebodies are the pipestyle massive sulfide zone formed within a felsic intrusion-volcaniclastic succession. Although exotic rock fragments are absent within the massive sulfide lenses, relics or relict patches of the host volcanic rock were preserved and occur within a 5-to 20-m-wide zone at the margin of the massive lenses. There is continuous variation in the size and proportion of these relics that range from weakly mineralized host rock to semimassive sulfide. These relics have been strongly chloritized but are similar in character to the host rocks, suggesting incomplete replacement of a coherent host facies (Doyle and Huston, 1999; Doyle and Allen, 2003) .
At Zheyaoshan, the position of the replacement fronts, as indicated by the presence of disseminated, spotty, semimassive sulfides (cf. Khin Zaw and Large, 1992) , were developed around massive sulfide orebodies. These fronts are commonly irregular in shape, gradational, and are characterized by a progressive increase in sulfide and chlorite contents toward the massive orebody. In plan, replacement fronts are bounded by a disseminated ore halo that surrounds massive sulfide and contains discrete relict patches of the host rock. In cross section, replacement fronts are restricted to the chloritized zone and marked by steeply dipping, disseminated zones on both sides of the pipe-shaped orebody (Fig. 6) . Lithofacies mapping by Cheng (1980) showed the discordance (up to 70°) between the massive orebodies and the bedding in the quartz rhyolitic tuffaceous rock at Zheyaoshan and demonstrated that the contacts are not faulted or related to interfingering between the volcanic facies and the massive sulfide orebodies. Figure 14 shows schematically the spatial variations of the temperatures inferred for the hydrothermal fluids from the previously published fluid inclusion data of Peng et al. (1995) and Table 1 . The high-temperature (>300°C) zone is mainly located in the stringer sulfides but extends upward along the sulfide pipe, whereas the low-temperature (<200°C) zone is confined to the massive sulfides within the discordant sulfide zone hosted in the volcanic facies (Figs. 6, 14) . The low-temperature center generally corresponds to massive Zn-and Curich orebodies, whereas the high-temperature column (~300°C) corresponds to pipelike chalcopyrite-pyrrhotitepyrite ores ( Fig. 14; Peng et al., 1995) . The replacement fronts marked by disseminated ore lenses formed at temperatures of 150°-200°C, higher than that of the massive sulfide ores (60°-130°C) (Fig. 14) . Due to mixing and cooling of the dense brine with down drawn seawater in the subsurface, most of the base metals are interpreted to have deposited beneath the sea floor, with very little stratiform ore developed on the sea floor.
The chalcopyrite-rich pyrrhotite-pyrite pipe, which accounts for 10 vol percent of the discordant massive sulfide orebodies, consists of sulfide precipitates localized in discharge conduits along which hot hydrothermal fluids moved upward and eventually completely replaced the quartz rhyolitic host rock. The pipe extends upward into the overlying discordant massive orebody and merges downward with the pyrite-chalcopyrite zone, suggesting that sulfide accumulation took place by open-space filling of the fractured volcaniclastic rocks in the subsurface and was fed by focused, discharging fluids. As the salinity of the fluid that deposited the massive ores is much higher than that of seawater, a large amount of such dense saline fluid could have settled in the subsea floor, filling the pore spaces and fractures in the volcanic rocks.
Comparison with modern analogs
The setting of the Baiyinchang deposit in a bimodal volcanic sequence related to rifting of the Proterozoic basement in the Cambrian volcanic belt (III 2 ) of the North Qilian orogen is similar to modern back-arc settings. The Manus basin, bordered by New Britain, New Ireland, and the Manus Islands, is a back-arc basin with respect to the New Britain subduction zone and the active New Britain volcanic arc (Rona, 1984; Scott and Binns, 1995; Sinton et al., 2003) .
The host succession of the Baiyinchang deposit at Zheyaoshan is a volcaniclastic-dominated felsic complex in which porphyritic dome and tuffaceous rocks of quartz-phyric rhyolitic composition host the massive sulfide orebodies. The fine-grained volcaniclastic rocks at Baiyinchang are thought to have been produced by explosive volcanism, which is distinctly different from the felsic breccias that host the PAC-MANUS and known deposits in the Manus basin (Paulick et al., 2004) . This difference may simply be related to hydrostatic pressure (water depth) and the magnitude and rate of magma vesiculation (McBirney, 1993) . Cu + Zn-rich, fluidfilled cavities within glass melt inclusions in the phenocrysts of Pual Ridge andesites (Yang and Scott, 1996) , as well as the gas compositions and high fluorine contents of vent fluids, provide direct evidence for input of magmatic fluids, similar to that suggested by fluid inclusion evidence in the Baiyinchang deposit.
Ongoing replacement processes at PACMANUS are similar to processes inferred for the Baiyanchang massive sulfides. Pyrite (1-5%) is present as disseminated grains and veins in the altered volcanic rocks and as centimeter-scale pods and veins of massive pyrite in a stockwork zone underlying areas of active high-temperature black smoker chimneys (Binns et al., 2002) . Based on these observations and extensive logging of the holes, Barriga et al. (2002) inferred that the original rhyodacite is being altered by hydrothermal fluids and replaced by sulfide-anhydrite-silica. In general, the high permeabilities related to discrete networks of fractures in pillow breccia zones measured in volcanic rocks of oceanic crust are considered favorable for subsea-floor replacement processes in ore formation, including pipe-style sulfide bodies such as those at Baiyinchang.
A model for the Baiyinchang deposit
The Baiyinchang deposit formed within a submarine, synvolcanic cryptodome volcanic center, similar to that hosting (Table 1) , whereas temperatures for massive sulfide ore are estimated from the average Th of the fluid inclusions (Peng et al., 1995;  Table 1 ). Temperature data for hydrothermally altered rocks are from Peng et al. (1995) and this study. The isotherms are highly schematic.
the Highway-Reward VHMS deposit in Mount Windsor subprovince (Doyle and Huston, 1999) and that hosting some VHMS deposits in the Skellefte district (Allen et al., 1996a, b) . Our analyses of fluid inclusions and oxygen isotopes contribute to the genetic model for the formation of the Baiyinchang deposit (Zheyaoshan mine). Three principal factors which controlled the location and the formation of the deposit are as follows: (1) a high geothermal gradient developed in the submarine volcanic center, (2) intrusion of a high-level cryptodome, accompanied by expulsion of high-salinity magmatic fluids along fractures toward the sea floor, and (3) mixing of the magmatic fluids and seawater in fractured rhyolitic volcanic rocks below the sea floor (Fig. 15) . Peng et al. (1995) concluded that the partial extrusion of a felsic cryptodome within the felsic volcanic tuffaceous unit and the shallow-level emplacement of felsic porphyry bodies along ring-shaped faults were an indication of a felsic magma chamber located as shallow as 1 to 1.5 km below the paleoseafloor. The magma chamber may have served as a heat engine, driving the hydrothermal convection of seawater, causing leaching of metals from the volcanic pile and their contribution to the ore-forming fluid (Fig. 15A) . Degassing of the felsic magma released a CO 2 -dominated metal-bearing magmatic fluid, as evidenced by high-temperature (up to 485°C), high-salinity (31-38 wt % NaCl equiv), and CO 2 -rich fluid inclusions in the chalcopyrite-rich stringer veins and quartz phenocrysts from the altered host rocks.
The dense nature of the saline hydrothermal fluids may have allowed them to accumulate in the pore spaces and fractures of the rhyolitic breccia, resulting in a "brine zone" in the subsea floor at Zheyaoshan. The morphology of the brine zone remains unconstrained, but it was most likely a narrow, steeply dipping funnel, possibly covered by overlying pyritic shale and limestone and fed by hydrothermal fluids that were focused through a synvolcanic fault during hydraulic fracturing or pressure fluctuations. Within the brine-saturated funnel, precipitation of sulfides may have been caused by influx of cold seawater into the hot brine (Fig. 14B) . Massive sulfide ores formed in the zone of maximum fluid mixing within the brine funnel. In general, chalcopyrite-rich massive pyrite ores mainly accumulated in the hottest and deepest part of the funnel, with sphalerite-rich ores above, due to vertical decrease in the temperature of the brine. Within the feeder zone the mixing of hot, Cu-bearing fluids with convecting heated seawater promoted the precipitation of semimassive chalcopyrite-pyrite ore and the formation of chalcopyrite-rich stringer veins (Fig. 15B) . Away from the feeder zone, lateral infiltration of hydrothermal fluids and replacement of host volcanic facies resulted in the formation of a halo of disseminated ore. Locally, the mixed hydrothermal fluids at the top of the funnel were expelled into the water column and formed vents on the sea floor, which resulted in the formation of the dispersed strata-bound Zn-rich lenses and hematitic cherts (Fig. 15B) .
0361-0128/98/000/000-00 $6.00 289 FIG. 15 . A possible genetic model for the formation of the Baiyinchang hydrothermal system, China. A. Emplacement of a felsic magma chamber acted as a heat engine, driving the hydrothermal convection of seawater, and the felsic magma expelled saline hydrothermal fluids resulting in a "brine zone" in the subsea-floor environment. B. Discordant massive sulfide ores formed within the brine-saturated funnel due to mixing of magmatic brine and influx of cold seawater. Lateral infiltration of hydrothermal fluids and replacement of host volcanic facies resulted in the formation of a halo of disseminated ore. Locally, the mixed hydrothermal fluids at the top of the funnel were expelled into the water column to form vents on the sea floor, which resulted in the formation of the dispersed, strata-bound Zn-rich lenses and exhalites.
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